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The DNA Binding Domain of the Human c-Abl Tyrosine Kinase Preferentially
Binds to DNA Sequences Containing an AAC Motif and to Distorted DNA
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ABSTRACT: The c-Abl tyrosine kinase protein is implicated in the signaling pathway as well as in
transcription, DNA repair, apoptosis, and several other vital biological processes essential for cell
proliferation or differentiation. The interaction of c-Abl with DNA is important for some of these functions,
but the exact nature of this interaction is still a matter of controversy. The present study addresses the
DNA-binding properties of the human c-Abl protein. Using CASTing experiments, the consensus binding
site B-AA/cCAACAAA/c was determined. The central highly conserved AAC triplet appears to constitute
the crucial core element in the binding sequences of the c-Abl protein. The c-Abl DNA-binding domain
recognizes specific sequences and interacts with deformed DNA structures such as four-way junctions
and bubble DNA containing a large single-stranded loop, as determined by electromobility shift assay,
melting temperature studies, and binding to specific oligonucleotides covalently linked to beads. Additional
competition experiments suggest that the interaction mainly involves contacts within the minor groove of
the double helix. The DNA-binding properties of c-Abl are reminiscent of those of high-mobility group
(HMG)-like proteins such as LEF-1 and SRY. However, the circular permutation and ring closure assays
and DNA unwinding experiments reveal that, unlike HMGs, c-Abl does not bend its target sequence. In
addition, it is shown that the protein potentiates the DNA relaxation activity of topoisomerase |I. These
findings indicate that the interaction of c-Abl with DNA is both sequence-selective and structure-dependent.

The c-Abl protein is a member of the c-Src nonreceptor the ATP-binding site of c-Abl tyrosine kinase domain and
tyrosine kinase family that differs from c-Src protein by the abolishes the tyrosine kinase functidh (0).
presence of a large C-terminal part containing several One identified c-Abl tyrosine kinase nuclear substrate is
functional domains such as an actin binding sitg the the C-terminal repeat domain (CTD) of the RNA polymerase
nuclear localization signa®( 3), and a DNA-binding domain || large subunit, which is phosphorylated on the tyrosine
(4). Mutations within the large C-terminal domain are residues of the 52 hepta-amino acids repeaf. ( This
sufficient to activate the transforming potential of c-AB).( tyrosine phosphorylation is proposed to participate in the
The DNA-binding activity is regulated by the cdc2 kinase transition from initiation to elongation phases of the basal
phosphorylation during the cell cycl€)( During mitosis, transcription complex, as observed for the CTD phospho-
phosphorylation of Ser-852 and Ser-883 residues located inrylation on serine and threonine residu@g)(
the c-Abl DNA-binding domain inhibits the binding of c-Abl Although it is known that c-Abl binds to DNA, the

to DNA (4). The c-Abl protein can also negatively regulate  molecular basis of the interaction remains largely unclear.
cell growth via a p53-dependent pathway §). The c-Abl  The human c-Abl protein was first proposed to bind to the
tyrosine kinase activity is regulated during the cell cycle by palindromic EP element of the hepatitis B virus enhancer
interaction with the retinoblastoma protein p¥85 The (13, 14), but this interaction was not confirmed by other
interaction occurs during G2, M, and G1 phases betweengythors 15 16). For example, the activation of c-myc
the C-pocket of the hypophosphorylated form of j¥0&nd  transcription by c-Abl {7) is independent of the presence
of the DNA-binding domain of c-Abl or of the EP-like
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consensus binding site®AAACAA#/c but not necessarily  centrifugation, bound oligonucleotides were isolated from
the A/T-rich tracts as reported by Miao and Wat§)( Using the pellet, which was resuspended in/d0of PCR buffer

a variety of biochemical methods to investigate the DNA- (Appligene) and incubated at 9& for 5 min. The selected
binding properties of c-Abl, we show that the minimal oligonucleotides in the supernatant were subjected to 10
binding domain preferentially binds to distorted DNA 20 cycles of PCR (1 min at 92C, 1 min at 65°C, and 2
structures such as four-way junctions and bubble DNA but, min at 72°C) in a final volume of 10QuL of PCR buffer
however, does not induce DNA bending. In addition, we containing 15 pM of the reverse and forward primers. An
present experimental data suggesting that the protein recogaliquot was taken out and analyzed on a 3% agarose gel to
nizes its consensus sequence via the minor groove of theverify the efficiency of the PCR. Nine rounds of binding
double helix. On the one hand, c-Abl exhibits HMG-like and amplification were undertaken with an increasing
properties in terms of sequence selectivity and preferential stringency using reduced protein concentrations and increas-
binding to distorted DNA structures, however, on the other ing KCI (up to 300 mM) and poly(dI-dGjdI-dC) (up to 5
hand, c-Abl differs from HMGs because it does not bend ug per reaction). At last, the selected oligonucleotides were

DNA. Finally, it is shown that the protein potentiates the
topoisomerase |-mediated relaxation of plasmid DNA.

MATERIALS AND METHODS

Oligonucleotides. The oligonucleotide sequences are
presented in Figure 4. All oligonucleotides were purchased
from Eurogentec and purified. Prior to the annealing
reaction, the desired oligonucleotide washd-labeled using
[y-*2P]ATP in the presence of T4 polynucleotide kinase.

Expression and Purification of the Human c-Abl DNA-
Binding Domain in Bacteria.The [Ncd 2373—Xmadll 2912]
sequence encoding c-Abl DNA-binding domain was fused
at the 3end to an (His)7 coding oligonucleotide and cloned
in the pAlter-EX1 plasmid (Promega) or the pTRC-99A
vector (Pharmacia). The pTRC-99A-NX-HIS construct was
used to obtain a bacterially expressed NX-HIS protein. The
Ncd—MiIlul DNA fragment was subcloned into pGEX-2T
vector between thé&lcd site (which we have previously
substituted for the originaBanHI site) and theMlul site.
The GST-NX-HIS fusion protein was expressedEncoli
strain JM109 by induction with IPTG.

The GST-NX-HIS protein was purified using Ni columns
in denaturing conditions (InVitrogen) and then refolded to a
native structure by gradual dialysis against the EMSA
incubation buffer (50 mM HEPES, pH 7.9, 100 mM KCI, 5
mM EDTA, 1 mM PMSF, 20% glycerol). The protein
preparation was analyzed by SBBAGE. The capacity of
the proteins to bind to DNA was verified via an interaction
with DNA—cellulose, prior to be used in the CASTing
experiments.

Selection of Binding Sites by CASTInGASTing experi-
ments were performed as described by Harley etldf) (
using 5ug of double-stranded R62 oligonucleotide (CAGG-
TCAGTTCAGCGGATCCTGTCG(N).GAGGC-
GAATTCAGTGCAACTGCAGC) mixed with 50 ng of the
purified GST-NX-HIS protein in 10@L of binding buffer
(20 mM HEPES, pH 7.9; 100 mM KCI, 20% glycerol, 10
mg/mL BSA, 1 mM PMSF) in the presence of aprotinin (1
ug/mL) and 0.5ug of poly(dI-dC)(dI-dC). The mixture was
incubated for 30 min at 4C under mild agitation, 2aL of

cloned using th&amHI and EcaRl restriction sites (under-
lined in the R62 sequence) in the pEX plasmid and
sequenced.

Electromobility Shift Assays.The cloned sequences
isolated by CASTing were'3&nd-labeled withd-*?P]dCTP
(3000 Ci/mM, Amersham) using the Klenow fragment of
DNA polymerase |, whereas the synthetic oligonucleotides
were B-end-labeled with T4 polynucleotide kinase and
[y-32P]ATP (3000 Ci/mM, Amersham). The labeled probes
[10 000 cpm (%5 ng)] were incubated with the GST-NX-
HIS protein in EMSA binding buffer [50 mM HEPES, pH
7.9; 100 mM KCI; 1 mM DTT; 5 mM MgC{; 0.1 mM
EDTA,; 20% glycerol; 506-1000-fold poly(dI-dC)(dI-dC);

1 mM PMSF], in the presence or absence of a cold
competitor, prior to being electrophoresed on a 6% poly-
acrylamide gel in a 0.X TAE buffer (4.7 mM Tris-HCI;
2.3 mM sodium acetate; 0.7 mM EDTA; pH 7.9) at 100 V
for abou 2 h atroom temperature. Dried gels were scanned
with the Phosphorimager.

DNase | Experiments.DNase | footprinting were per-
formed exactly as described9d). The Xba—Xhd labeled
fragment of pB$SK-05, 3-labeled on one or the other of
the two complementary strands, was incubated with the
purified protein and then subjected to the nicking activity
of DNase | (Worthington). DNA cleavage products were
resolved by electrophoresis under denaturing conditions in
polyacrylamide gels (8% acrylamide containing 8 M urea).
Electrophoresis was performed fer2 h at 85 W in TBE
buffer (100 mM Tris-HCI; 100 mM boric acid; 2 mM EDTA,;
pH 8.3). Gels were then dried and analyzed on the
Phosphorimager.

Southwestern Blot AnalysisThe fusion proteins were
analyzed on a 15% SDSAGE and transferred onto a
nitrocellulose membrane using a graphite electroblotter
(Millipore). The membrane was blocked in 5% (w/v) nonfat
dry milk containing buffer (50 mM Tris, pH 7.5, 50 mM
NaCl; 1 mM EDTA; 1 mM DTT) fa 1 h at 42°C and then
washed three times in binding buffer (10 mM Tris, pH 7.5;
50 mM NaCl; 1 mM EDTA; 1 mM DTT) before incubation
for 1 h atroom temperature in 10 mL of binding buffer with
the 05 selected sequence as probex (2¢° cpm). Finally,

pre-equilibrated Ni beads was then added, and the incubationy, o nitrocellulose membrane was washed three to five times

was continued for 15 min at 4C. The Ni beads were
washed 5-10 times with the binding buffer. After a brief

! Abbreviations: HMG, high-mobility group; 4W, four wag. coli,
Escherichia coli CASTing, cyclic amplification of sequence targeting;
EMSA, electromobility shift assay; IPTG, isoprop§ip-(—)-thioga-
lactotopyranoside; GST, glutathi@transferase; DTT, dithiothreitol;
SDS, sodium dodecyl sulfate; bp, base pair(s); nt, nucleotide(s).

to avoid nonspecific interactions and analyzed with the
Phosphorimager.

Melting Temperature StudiesVelting curves were mea-
sured using a Uvikon 943 spectrophotometer coupled to a
Neslab RTE111l cryostat. Samples were placed in the
thermostatically controlled cell holder (10 mm path length),
and the quartz cuvettes were heated by circulating water.
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The measurements were performed in BPE buffer (6 mM  Five computer programs were employed to predict the
NaHPQO,; 2 mM NaHPQO,; 1 mM EDTA; pH 7.1). The secondary structure of the DNA-binding domain of c-Abl.
temperature inside the cuvette was monitored by a thermo-The agreement between the different methods is satisfactory.
couple in contact with the solution. The absorbance at 260 They all predicted roughly the same structure: the DNA-
mm was measured over the range-200°C with a heating binding domain of c-Abl would be composed of three
rate of 1°C/min. The melting temperatuiig, was taken as  a-helices and three potentigtsheets separated by coiled
the midpoint of the hyperchromic transition. regions of variable lengths (data not shown).

Circular Permutation Assay (20)The BanHI—EcdRI We used cyclic amplification of sequence targeting
fragment of the pAlter-EX1 polylinker was cloned in tandem (CASTing) experiments to identify the consensus site
at both ends of the 05 selected sequence to give the pBEND-preferentially recognized by the c-Abl purified DNA-binding
05 vector. A series of 141 bp fragments containing the 05 domain. For this purpose, the GST-NX-HIS fusion protein
protein binding sequence at various positions was obtainedwas incubated with 62-mer oligonucleotides containing 12
upon digestion of the plasmid with different restriction random base pairs. The protein-bound sequences were
enzymes (see Figure 9A). The fragments weteri- trapped with Ni beads, amplified by PCR, and used for the

labeled, purified, and used in EMSA. following round. After nine rounds of selectieramplifica-
Ring Closure AssaysThe protocol used for the circular- tion, the ability of the selected oligonucleotides to bind the
ization experiments has been detailed recerty. ( Briefly, protein was verified by EMSA and the last ampligenes were

191, 246, and 302 bp fragments were incubated in the cloned and sequenced. Forty—_one sequences showeq a_high

presence of the GST-NX-HIS or NX-HIS fusion proteins in hpmolggy and wAere used to display the consensus binding

1x ligase buffer for 20 min at 36C prior to the addition of ~ Sit¢ AY/cAACAA®/c (Figure 1). All of these sequences

1 unit of T4 DNA ligase (Life Science) for 15 min at room contain the AAC triplet sequence. Many sequences, includ-

temperature and then denatured by heating for 15 min at 65iNg the six selected sequences not used for the determination

°C. Samples were incubated with 30 units of exonuclease ©f the consensus sequence (bottom of Figure 1), contdin A

Il (Boehringer) fa 1 h at 37°C. Ligation products were rich stretches, but they are shorter than those found by Miao

resolved by electrophoresis on a 5% polyacrylamide gel. and Wang with murine c-Abl proteirl6). The size of the
DNA Relaxation ExperimentsSupercoiled pBENDOS selected sequences varies from 11 to 30 bp and 15 of the 41

DNA (0.774g) was incubated with the GST-NX-HIS protein  SE/ected sequences, as well as the nonselected-Buich
for 10 min in relaxation buffer (50 mM Tris, pH 7.8; 50 clone 25, encompass more than 12 bp. This variation in the

mM KCI: 10 mM MgCl;; 1 mM DTT: 1 mM EDTA). Four 'er}gth of the Se'etcaed dsequeg"ce; ma){.f.bet.d“e tdot Tt";‘]q'
units of calf thymus DNA topoisomerase | (TopoGen Inc.) polymerase mismatches aunng amplitication and to the

was then added to each tube, and the reaction was continueésaeﬁé;tzzt tLh:seGkS)-r:-':i(-gll\li f:jlor;nréz)s'ceér;n?;_e;_e;engglcljy_ ts
for 1 h at 37°C prior to the addition of SDS to 0.25% and 9 qu Ining !

: sequence-specific binding site.
proteinase K to 25 g/mL. DNA samples were electro- o . .
phoresed in a 1% agarose gel. Gels were stained with We tested the ability of GST-NX-HIS fusion protein to

-~ : bind to a few selected sequences (01, 02, 03, 05, 10, and
E';]hc;(;lrulTVb"rgrr]r:lde (lug/mL), washed, and photographed 17) or to the control SK that failed to contain any potential

binding site in EMSAs using both radiolabel&hnHI—
RESULTS EcdaRl DNA probes (32 or 37 bp) and long&tha —Xhd
fragments (73 or 78 bp) (Figure 2A). Interestingly, the fusion
Sequence-Specific Binding Sitd.o purify the DNA- protein GST-NX-HIS binds very weakly to thBanH|—
binding domain of c-Abl protein, we cloned thiddd 2273— EcadRl probes (data not shown), whereas it binds tightly to
Xmdll 2912] fragment of c-Abl cDNA in the pGEX-2T  the longerXbd —Xhd probe. The observations that (i) the
vector as described under Materials and Methods. This fusion protein binds more tightly to 73-mer sequences than
fragment encodes the c-Abl DNA-binding domain which we to 32-mers containing the same binding core and (ii) the
have previously delimited from the capacity of deletion sequences selected by CASTing are frequently longer than
mutants expressed in reticulocyte lysates to bind to DNA the 12 bp randomized sequence suggest that the protein
cellulose. The purified GST-NX-HIS protein binds to DNA  specifically recognizes a central core and that the flanking
cellulose in the same manner as does the large C-terminalsequences likely contribute to reinforce the affinity of the
part of c-Abl protein containing the DNA-binding domain. protein for its sequence-specific target site. Proté&dNA
The effect is attributable to the NX-HIS part of the bacterial complexes were observed with probes 01, 02, 03, and 05, to
protein since the GST protein is known and has been showna much lower extent with clone 10 but not with clone 17,
not to bind to DNA. This Ncd 2273-Xmadll 2912] and the control probe SK that lacks the target site but,
fragment of the human c-Abl c-DNA spans the minimal however, contains the same flanking sequences (Figure 2B).
DNA-binding domain encoding sequence of the murine c-Abl The Xbd—Xhd fragment of clone 17, which does not
cDNA. This domain is localized between the kinase domain contain the determined consensus binding site, fails to bind
and the actin-binding site in the C-terminal portion of c-Abl to the protein (Figure 2B, lane 12). Figure 2 as well as
protein @). The protein GST-NX-HIS, which can be competition experiments (not shown) demonstrated that
produced in large quantity in bacteria and can be highly probe 05, which contains three juxtaposed AAC motifs,
purified, has been used for the different experiments de- exhibits the highest affinity for the GST-NX-HIS protein.
scribed below. The c-Abl DNA-binding domain does not The amount of protein required to see any binding is
contain any classical DNA-binding motifs but is character- relatively large (100 nM-1 uM). This can be attributed to
ized by its prolin-rich constitution. the weak affinity of the protein, possibly because (i) the
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GAAAACAACAAC , U1
AAAACAACACACAACAACAA 02
AAAACAACACACAACAACAA. 02
AAAAAACAGACAGG 03
AAAAAACACAAC 04
AACAACAACAAA 05
CAAAACAAGAAATAAGAACAACGTC 06
CAAAACAAGAAATAAGAACAACGTC 06
AAAAACACGAAAC o7
GTAACAAACGGG 08
GGAAACAACAAC 09
GAAGCAAAACAG 10
AAGCAAAACAACG : 11
ACAACAACAACA 12
GGGAAAACCAACGACAAGCAAAACAACG 13
"AAGCAAAACAACG 14a
AAAAACACGAAACGACAAATCAAATG 14b
CACAAACAACAAGACACGA 14¢
AAAACAAGAAATAAGAACAACGTC 15
AAAACAAGAAATAAGAACAACGTEC 15
CAACAAAGAAGCACGACAACGACC 16
CCAAAACGACCAGAAAAATAGG 18
CACATAAACAGG 19a
GTAAGAACAAGAAACAAACA 19b
GAACAGCAAAAC 20
AAAGCAACAACGCA 21
CAAAAAACGAGAGT 22a
CAAACAACAACG 22b
CGTGGAAAACCAACGACAAGCCAAAACAAC 22¢
AAAACCAACGACAAG 23
GGAACAAAAAGG 24a

GCAGCAACATGG 24b
GCTAAGAACAAGAAACAAACA 27a
GAAAACAAACGAA 27b
GGAAAACAGCGA 28
AAACATAAGAAAGAACAAGAA 29
AGCACATAAAC 30
AAAACAGAAAAC o 32
GCAAACAAACAGG v 34
AAAACAACAATA 35
GAAACAACAATAC: 37

CAAAACAAAATG 38
GAACAACACAAA 39
GACAAACAAAAGG 40

[Total Number | 28] 36] 42] 44] a4] 44] 44] 43] 43] 42] 36] 30]

8| 3] 6|/ 5] 0] O] O0f 4 71 9{10{ 3
13] 24] 31§ 28] 44] 44 39{ 31{ 11] 20} 21
1{ 0 2{ 0] 0f 0] 0] 0] 2] O] Of 2
7] 9l 3] 11| O] 0]44] Of 3]22{ 6] 4

(=]

% 46 67 74 63 100 100 100 91 72 52 55 70

Consensus A A A A A ACAATCAN- A

G C C A G

29 25 25 26 28

C ' G C

25 21 17
GTGAGGAAAAGG 17
TAAAGTAAAGGTAGGAAAGCACA 25
CACAAATAAAA 26
GCCAAATCAGGC 31
TGGTACACGGGC 33
CCATATACTCTG 36

Ficure 1: Oligonucleotides 0340 were sequenced after nine rounds of seleetamplification of the 62-mer oligonucleotides containing
the random 12 bp. The upper sequences were aligned to show the sequence homology and were used for determining the consensus. The
six lower sequences that do not contain an AAC triplet were not used for determining the consensus binding sequence.
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Ficure 2: (A) Restriction map of the pBSK cloning segment. Q -
The selected sequences (black box) and the part of the primer - Q
sequence (gray boxes) cloned between BwH|I and EcadRl P - — §3
restriction sites were removed by digestion udtagrH| and EcaRl - N
enzymes (3237 bp fragments) or usingba and Xhd enzymes g
(73—78 bp fragments). Th&Xbd—Xhd fragments were used in - >
the EMSA presented below. (B) EMSA showing the binding of 9;
the DNA-binding domain of c-Abl to the selected sequences. The >
duplex oligonucleotide was incubated with)( or without () 1 3
uM GST-NX-HIS in the presence of a 500-fold molar excess of - &

poly(dI-dC}(dI-dC). The SK probe containing the pSK plasmid
sequence but lacking the protein binding site was used as a control.figyre 3: DNase | footprinting of the GST-NX-HIS protein on

; _hindi i : n the Xbad —Xhd fragment of clone 05. The 73 bp DNA fragment
incomplete DNA-binding domain is being used, ii) the GST was 3-end-labeled at th¥bd site. The GST-NX-HIS fusion protein

and histidine tail interfere with DNA binding, or (iii) the (lane GNX) or BSA in the control (lane C) (1M each) was
protein can also bind to nonspecific polynucleotide poly(dl- incubated with 20 000 cpm for 15 min at 3G before digestion
dC)(dI-dC). Explanation ii is unlikely to occur because, with 0.05 unit of DNase |. The DNA was then extracted with
on the one hand, the GST part alone does not bind to DNA phenol/chloroform, precipitated, and electrophoresed on an 8%

; ; polyacrylamide gel containgn8 M urea. The prducts of the DNase
and, on the other hand, there is no difference between theI digestion were identified by reference to the guanine markers (lane

histidine-free and -linked proteins in terms of binding 0 G)“A portion of the DNA sequence is indicated on the side of the
DNA (data not shown). The presence of a contaminant gel. The sequence protected from DNase | cleavage is bracketed,
protein can be ruled out. As indicated below, the purity of and the sequence of oligonucleotide 05 that binds the protein is
the protein has been analyzed by southwestern blot andShown in bold letters. The position of the footprint coincides
immunoblot, and no trace of another DNA-binding protein gglrfgﬁitfltyggggige sequence of the binding site inferred from the
was detected. An alternative explanation is that only a
limited fraction of the protein is correctly folded. As Binding to Distorted DNA StructuresThe c-Abl consen-
indicated under Material and Methods, the protein was sus binding site AcAACAA C/, presents a high homology
purified under denaturing conditions and then refolded by with the SRY/SOX and the LEF-1 recognition sitég;-
successive dialysis. The efficiency of the folding process AACAAA/r and AACAAAG, respectivelyZ2, 23). These
is unknown, and it is plausible that the preparation contains proteins are members of the HMG-like family, and they all
both folded and partially folded (i.e., inactive) conformers. have the ability to bind to bent DNA2@, 24) and to induce
The exact position of the protein binding site within probe DNA bending of their sequence-specific binding sites. This
05, which presents the highest binding ability for GST-NX- prompted us to investigate the possibility that c-Abl protein
HIS, was located by means of DNase | footprinting. As exhibits the same properties.
shown in Figure 3, the sequence protected from cleavage First, we compared the binding of GST-NX-HIS to linear
by the nuclease coincides with the sequence identified in DNA and to DNA molecules of the same length containing
the CASTing experiments. There is no binding to the vector a large single-strand loop (hereafter referred to as bubble
sequences or to the primers and cloning site sequencesDNA) or four-way junction (4W). The four-way junction
Therefore, the EMSA and footprinting data concur that the (also termed Holliday DNA) was proposed to be the central
protein binds selectively to'8AAC (GTT)-containing se- intermediate in homologous recombination events and DNA
guences. replication @5). We used two types of 4W junction DNAs,
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nucleotide sequence structure name
1: CTGGTCTACCAGATTACCCCCGTGTGAGAGCGCTCGCC 1 I | 2
2: GGCGAGCGCTCTCACACGGCCCTCCGCCCAGCTGCGTG 4Wa
3: CACGCAGCTGGGCGGAGGGGCGCGGACGTTAACCGTCC 3
4: GGACGGTTAACGTCCGCGCGGGTAATCTGGTAGACCAG
|6

4: GGACGGTTAACGTCCGCGCGGGTAATCTGGTAGACCAG 5
5: CTGGTCTACCAGATTACCCCAACAAAAGAGCGCTCGCC 4Wb
6: GGCGAGCGCTCTTTTGTTGTTTTTTGCCCAGCTGCGTG || 7
7: CACGCAGCTGGGCAAAAAAGCGCGGACGTTAACCGTCC 4

6
6: GGCGAGCGCTCTTTTGTTGTTTTTTGCCCAGCTGCGTG — DUP-38mer
8: CACGCAGCTGGGCAAAAAACAACAAAAGAGCGCTCGCC 8
9: AGACTAGTGGATCCTGTCTAAAAAACAACAACAAACCGATACCGTCGACCTCGAG 9: DUP-56mer
10: CTCGAGGTCGACGGTATCGTGTTTGTTGTTGTTTTTTAGACAGGATCCACTAGTCT 10
9: AGACTAGTGGATCCTGTCTAAAAAACAACAACAAACCGATACCGTCGACCTCGAG 9—/'\—-—- BBL-56mer
11: CTCGAGGTCGACGGTATCGCCCCCCCCCCCCCCCAGACAGGATCCACTAGTCT — 11 (AAC)

12

11: CTCGAGGTCGACGGTATCGCCCCCCCCCCCCCCCAGACAGGATCCACTAGTCT % BBL-56mer
12: AGACTAGTGGATCCTGTCTTGGATCCGCCGGCTGCAGCGATACCGTCGACCTCGAG 11 (SK)

13
13: GGCGAGCGCTCTTCCGCCGCCCCCCGCCCAGCTGCGTG —_— IC-38mer
14: CACGCAGCTGGGCIHHICICINTAGAGCGCTCGCC 14

13
13: GGCGAGCGCTCTTCCGCCGCCCCCCGCCCAGCTGCGTG — GC-38mer
15: CACGCAGCTGGGCGGGGGGCGGCGGGAGAGCGCTCGCC 15
16: ACTAGTGGATCCCCCGGGCTGCAGGATCGATACAGCTT L SK-38mer
17: AAGCTGTATCGATCCTGCAGCCCGGGGGATCCACTAGT 17

Ficure 4: Oligonucleotide sequences and structures. The four-way junction DNA 4Wa (used as a control and derived from the 30-mer
four-way junctionz) (22) and 4Wb (which contains the consensus binding site) were obtained by annealing oligonucleotides 1, 2, 3, and
4 or oligonucleotides 4, 5, 6, and 7, respectively. The 38-mer duplex DNA containing the consensus binding site was obtained by annealing
oligonucleotides 6 and 8. The 56-mer duplex containing the consensus binding site was obtained from oligonucleotides 9 and 10.
Oligonucleotides 9 and 11 (containing the AAC repeat) and 11 and 12 (containing sequences of i8& pB&or polylinker used as

control) gave the so-called bubble DNAs (BBL) containing an 18 base single-strand loop on one side and a 15 base single-strand loop on
the other side. For the competition assays, the same oligonucleotides were used as well as mutants of the 38-mer duplex which possess |
(oligonucleotides 13 and 14) or-G bp (oligonucleotides 13 and 15) in place of theél/Ap in the consensus binding site. Oligonucleotides

16 and 17 were annealed to obtain the SK 38-mer control for the DNA thermal denaturation studies.

one containing the potential c-Abl binding site (hamed 4Wb) DNA or by the 4Wb DNA (Figure 5C). This may be
and another lacking the c-Abl binding sites but containing a explained by the fact that the c-Abl DNA-binding domain
potential low affinity SRY site (4Wa)32). The two DNAs could contain two subdomains with relative independent
possess one identical strand, which W4 labeled prior to binding, one interacting with linear DNA in a sequence-
annealing to the three other specific oligonucleotides. In dependent manner and the other interacting with distorted
EMSA, 4Wb containing the consensus binding site showed DNA in a structure-dependent manner.
a slightly better affinity for GST-NX-HIS (Figure 5A, lanes Protein analysis confirms that linear and distorted DNA
8—14) than 4Wa (lanes -17). In contrast, many fewer bind to the GST-NX-HIS protein. Indeed, the 46 kDa GST-
complexes are formed when using the linear duplex (lanesNX-HIS fusion protein identified on a Coomassie Blue-
15—-20). The 38-mer duplex, containing the sattielabeled stained gel (Figure 6A) and on an immunoblot with anti-
oligonucleotide as 4Wh, apparently binds much more weakly GST antibody (Figure 6B) is also visible on southwestern
to the protein than the branched oligonucleotides. blot using thexba —Xhd fragment of clone 05 (not shown)
Second, we employed 56-mers DNA with a duplex or the 4Wb as probe (Figure 6C).
structure or presenting a large 18 base long single-stranded We also demonstrated that the radiolabeled deletion
loop. Here again, we found that the protein binds much more mutants of c-Abl C-terminal domain, expressed in reticulo-
tightly to the bubble DNA (BBL) than to the corresponding cyte lysates, interact with bubble-linked agarose beads and
linear duplex (DUP). No significant differences were found with linear 56-mer duplex-linked beads. These two experi-
whether or not the single-stranded region of the bubble DNA ments confirm that the binding to either specific sequence
contains the consensus binding site (data not shown). and distorted DNA structures is due to the GST-NX-HIS
Competition experiments with unlabeled linear and bubble protein and not to a potential copurified protein.
DNA molecules were performed to gain further understand- Interaction with Single-Stranded DNAEMSAs with
ing of the selectivity of the protein for linear versus distorted single-stranded oligonucleotides were undertaken to deter-
DNA species. As shown in Figure 5B, the addition of the mine whether the tight binding of the protein to the bubble
distorted DNA species (BBL or 4W) but not the orthodox DNA arises from the recognition of a specific structure or
double-helical molecules inhibits the formation of the from a preferential interaction with a single-strand region
proteinr—-DNA complexes. Unexpectedly, the labeled 56- of the DNA. The 56-mer oligonucleotides that have been
mer duplex probe bound to GST-NX-HIS is displaced by used to form the linear duplex and the bubble DNA were
the unlabeled duplex DNA but not by the unlabeled bubble employed (see Figure 4). The protein does not form
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Ficure 5: (A) EMSA using the two four-way junction DNA 4Wa (lanes-I) and 4Wb (lanes-814) or the consensus 38 bp duplex DNA
(DUP, lanes 15-20). The32P-labeled DNA was incubated with various amounts of the GST-NX-HIS protein in the presence of a 500-fold
molar excess of poly(dI-d&dI-dC). (B) EMSA for the binding of GST-NX-HIS to the linear duplex (DUP), bubble (BBL), and four-way
junction (4W) DNAs. GST-NX-HIS (200 nM) was incubated with bubble DNA (BBL*) in the absence (lane 2) or presence of cold bubble
DNA (BBL°, lane 3, 10-fold; lane 4, 50-fold; lane 5, 200-fold; lane 6, 1000-fold), cold 4Wb DNA #\idne 7, 10-fold; lane 8, 50-fold;

lane 9, 200-fold; lane 10, 1000-fold), or the 56-bp duplex DNA (DURne 11, 10-fold; lane 12, 50-fold; lane 13, 200-fold; lane 14,
1000-fold) in the presence of poly(dI-d@I-dC). (C) The*?P-labeled duplex DNA (DUP*) probe was incubated withMl GST-NX-HIS

fusion protein and the competitor DNA as in (B).

complexes with oligonucleotides 9 and 11, which contain 7). However, the extent of binding is much lower than that
the three AAC triplets and the cytosine repeat, respectively. observed with the bubble DNA. We are inclined to believe
In contrast, complexes were identified with oligonucleotide that the protein recognizes a distorted structure rather than
10, which possesses three juxtaposed GTT triplets (Figurea single-strand sequence. GTT oligonucleotide 10 may adopt
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FiGure 6: Southwestern blot analysis of GST-NX-HIS binding to
DNA. (A) The molecular weight markers (lane 1) and 5 or:2f

of GST-NX-HIS (lanes 2 and 3) were stained with Coomassie Blue.
(B) After electrotransfer on a nitrocellulose membrane, the identity
of GST-NX-HIS protein (2Qqug) was verified using a polyclonal
anti-GST rabbit antibody (lane 4). (C) For the southwestern blot
analysis, the immobilized GST-NX-HIS protein (20g) was
revealed for its ability to retain the Q8ba —Xhd fragment (not
shown) or the 4Wb probe (lane 5).
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FiGURe 7: Interaction of GST-NX-HIS with single-stranded DNA.
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Table 1: Variation in Melting Temperaturd{y)?

Tm
proteinr—DNA
DNA complex ATm

poly(dA-dT)(dA-dT) 41.0 42.0 1.0
poly(dl-dC}(dI-dC) 36.0 37.0 1.0
SK 38-mer (nonspecific) 57.0 59.0 2.0
AAC-containing 38-mer 55.2 60.5 5.3
AAC-containing 56-mer 57.4 69.5 11.6
four-way DNA 4Wa 39.8 51.8 12.0
four-way DNA 4Wb (AAC) 41.0 55.5 14.5
bubble DNA (SK) 457 56.6 10.1
bubble DNA (AAC) 45.0 61.1 16.1

2 The indicatedl, andATy, values (in°C) were obtained from first-
derivative plots.

the protein is significantly higher with the AAC-containing
four way (4Wb) and bubble DNAs compared to the corre-
sponding structures lacking the AAC motif. The results are
in agreement with the gel retardation assays and confirm that
the protein does exhibit a considerable preference for AAC-
containing sequences and unusual DNA structures.

Minor Groove Recognition. The recognition of the
consensus binding sequence by c-Abl can occur via the major
or the minor groove of the double helix. Most proteins use
the major groove for interaction with specific sequences in
DNA; however, there exist numerous proteins, such as the
purine repressor (PurR), TBP, and proteins of the HMG
family (LEF-1, SRY), that interact essentially within the
minor groove of DNA £6). The potential analogy between
c-Abl and HMG proteins in terms of DNA recognition
prompted us to examine this question. First, we investigated
the effect of the AT-specific minor groove binding antibiotic
netropsin on the complex formation between GST-NX-HIS
and the 05Xbd—Xhd sequence. EMSA and DNase |
footprinting experiments have revealed that the fusion protein
binds very tightly to this sequence. The antibiotic should
affect the recognition process if the proteiDNA interaction
occurs within the minor groove but not if it takes place in

EMSA were performed with oligonucleotides 9 and 10 containing the opposite major groove. This approach has previously

the AAC and GTT triplet repeat, respectively. In both cases, the heen employed with success to characterize minor versus
oligonucleotide was incubated in the absence and presence of th

fusion protein at the indicated concentration.

a folded conformation that would explain the poor binding
to the protein.

DNA Thermal Denaturation StudiesThe ability of the
protein to alter the thermal denaturation profile of DNA is

€major groove binding protein27). As shown in Figure

8A, netropsin competes with the formation of the GST-NX-
HIS binding to probe 05. A concentration of«M netropsin

is sufficient to reduce the amount of proteiDNA com-
plexes by~50%, and the binding of the protein is almost
completely inhibited with 5«M netropsin. This suggests

used as another indication of its propensity to bind selectively that GST-NX-HIS interacts within the minor groove of the
to AAC-containing sequences and to distorted DNA struc- double helix.
tures. We measured the change of the absorbance at 260 Second, we resorted to a strategy previously used to

nm as a function of the temperature for a series of DNA

evidence minor groove binding of HMG proteins to DNA

and polynucleotides of different base compositions and (28) and which consists of replacing theTbp present in

structures in the absence and presence of the GST-NX-HISthe consensus binding site withCl or GC bp.
In each case, monophasic melting curves wereinteraction between c-Abl and its target sequence takes place

protein.

If the

observed. The protein is resistant to heat denaturation inin the minor groove, the substitution of-Abp by I-C bp

the presence of DNA. Th&, andAT, (T, of the protein-
DNA complex — Ty, of the free DNA) values are collated
in Table 1. A large increase in thk, of nucleic acids is
observed with the protein using the AAC-containing 38-mer
and 56-mer, whereas there is little or no change with
nonspecific sequences including poly(dA-q@A-dT). Simi-
larly, the stabilization of the DNA structure by binding of

should not affect the interaction since these two types of
base pairs are equivalent in terms of hydrogen bond donors
or acceptors in the minor groove. In contrast, the replace-
ment of AT with G-C bp should hinder the access of the

protein since, in this case, the 2-amino group of guanine
obstructs the minor groove. Figure 8B shows the respective
ability of the three unlabeled 38-mer duplexes containing
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T Ficure 9: Circular permutation analysis of the binding of the GST-
NX-HIS fusion protein (1uM) to DNA fragments containing the

1'0 310 ) 0’0 ) 50 05 hinding site. A homologous series of 141 bp restriction fragments
B (A) was produced by digesting the plasmid pBEND-05 wial
Fold competition (H), Ncd (Nc), Pst (P), Notl (Nt), SpH (S), Nsil (Ns), BanHlI

(B), andDrall (D) restriction enzymes. The electrophoretic mobility
(B) of various proteirrDNA complexes remains unchanged;
however, the 05 binding sequence (solid box) is located near the
3 or 5 end of the fragment. In each case, the proteinNl) was
incubated with DNA probe in the presence of a 500-fold molar
excess of poly(dl-dGjdI-dC).

FIGURE8: (A) EMSA of GST-NX-HIS in the presence of netropsin.
The 05Xba —Xhd probe (lane 1) was incubated withyM GST-
NX-HIS fusion protein (lane 2) before the addition of increasing
concentrations of netropsin (lanes3). (B) Binding plots showing
the dissociation of the GST-NX-HIS bound to the Rba —Xhd
probe in the presence of increasing amounts of the duplex 38-mer
oligonucleotide containing A (a), I:C (d), or GC (O) bp in the
binding site. The fusion protein (M) was bound to thé?P-labeled

05 Xbd—Xhd probe before the competitor oligonucleotide was
added. The fraction of bound DNA (%) is plotted as a function of
the oligonucleotide’fP]DNA molar ratio. Data are compiled from
guantitative analysis of two independent experiments. XFhgis

is logarithmic.

DNA by 85° and 130, respectively 28). It was thus
interesting to determine if c-Abl can also bend its target
sequence, as do HMG proteins. For that, the well-established
circular permutation assay was employ2@)( The pBEND-

05 plasmid was constructed by inserting a polyrestriction
site sequence on both thédnd 3 sides of the 0FcdR|—
BanHI fragment known to bind tightly to the GST-NX-HIS
protein (see Materials and Methods for the plasmid con-
struct). A series of 141 bp fragments was thus generated

tion, whereas the corresponding duplex with 4D bp does upon diges’_tion of the plasmid with different restriction
interfere with the formation of the complexes. TheTA— enzymes (Figure 9A), and each fragmeriti®-labeled and

I-C substitution slightly reduces the binding capacity of the Purified, was used for the EMSA with the fusion protein.
protein but proves to be much more easily tolerated than AS shown in Figure 9B, the different proteidNA com-
the corresponding A7 — G-C substitution. The-C data plexes migrate at the same position in the gel whatever the
suggest that minor groove interactions are important (the Position of the protein binding site in the sequence. Identical
competition with netropsin also supports this view) but are results were obtained with the NX-HIS protein. The very
not the sole determinant of binding. weak binding observed with the doubly digestanmHI—
c-Abl Does Not Induce DNABendingOne of the most Drall sequence, where the protein binding site is close to
typical characteristics of HMG proteins is their ability to the 3 end, is in accordance with the EMSA data. These
induce bending of DNA. For example, SRY and LEF-1 bend experiments strongly suggest that, unlike most HMG pro-

A-T, I-C, or GC bp to compete with the formation of the
complexes between GST-NX-HIS and the Bba—Xhd
probe. The duplex with 10 & bp instead of the canonical
A-T bp completely fails to inhibit the proteirDNA interac-
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A assays leave no room for doubt that the protein does not
0 10 20 30 40 S0 60 70 80 90100 125150200  nM GST-NX-HIS induce a bending of DNA.
Effect on Topoisomerase I-Mediated Relaxation of DNA.
s : ) o ) -
INTTTRRMARARRN i e e e he bpdng of e uon proten 0
- S e | < 3me P P gthep

binding sequence. Even with a high protein concentration
(2 uM), the electrophoretic mobility of supercoiled DNA in
==: - .-_!“ e DI ii'c‘fé agarose gels remains unaffected. No topoisomers or protein
DNA complexes could be seen (data not shown). We then
examined the effect of the protein on the relaxation of DNA

1
s e | <« | mer by human topoisomerase | (Figure 10B). In the absence of

12 3 45 6 7 8 9101112131415 the fusion protein, the enzyme removes negative supercoils
in native DNA (lane 1), and a population of relaxed DNA
B molecules, characterized by their reduced electrophoretic
N GST-NX-HIS (uM) e .
& f mobility, is formed (lane 2). In the presence of a concentra-
O < To1 02 04 06 08

tion of GST-NX-HIS as low as 0.AM (lane 3), the DNA is

1
- almost completely converted into relaxed forms. The effect
- = is even more pronounced at higher protein concentrations
s | <— | relaxed forms (lanes 4-8). GST-NX-HIS stimulates the relaxation activity
- (‘:] of topoisomerase |. The effect differs markedly from that
recently reported with HMG proteins such as HMG-D and

- .- < supercoiled DNA HMG-I/Y, which protect from relaxation by topoisomerase
| conferred on negative supercoiled DNB(Q( 31). Unlike
. 3 1 5 s 7 s HMG proteins, which constrain negative supercoils, GST-

NX-HIS favors the relaxation of DNA. This observation is
Ficure 10: (A) Circularization assays. Thé-énd-labeled DNA . . S .
fragment was incubated with the fusion protein at the indicated ,Cor?S!Stent with the _above re;ults, indicating that the protein
concentration in the presence of T4 DNA ligase. The DNA substrate inhibits the formation of circular DNA molecules. The
(lane 1) was incubated with 1 unit of T4 DNA ligase in the absence protein’s effect on the ability to topoisomerase activity would
(lane 2) or presence of the protein. The band corresponding tope consistent with preferential binding of the protein to

circular DNA was identified by its resistance to exonuclease llI. i i
(B) Topoisomerase |-mediated relaxation of the supercoiled pBEND- relaxed DNA, shifting the equilibrium toward more relaxed

05 plasmid (0.02«M) in the absence (lane Topo I) or presence of than supercoiled DNA.
increasing concentrations of GST-NX-HIS (lanes8}. The protein/ DISCUSSION
DNA molar ratios were 5 (lane 3), 10 (lane 4), 20 (lane 5), 30
(lane 6), 40 (lane 7), and 50 (lane 8). In this paper, we have demonstrated that the DNA-binding
. oo . , domain of c-Abl binds to a specific consensus sequence in
teins, the c-Abl DNA-binding domain does not bend its target pna and interacts with distorted DNA structures such as
sequence. synthetic four-way junctions and bubble DNA containing a
Next, we examined the effect of the fusion protein on the large single-strand loop. As such, c-Abl behaves as a HMG
cyclization of DNA in the presence of T4 DNA ligase. This protein. The sequence selectively targeted by c-Abl is
ring closure assay was first performed with a 121 bp fragment reminiscent of that recognized by HMG-like proteins such
containing the 05 binding sequence in its central region. Suchas LEF-1 and SRY (SAACAAAG and 5- A/{AACAA A/,
a fragment is too short to circularize by itself, but circles respectively). These two HMG-like proteins and many others
may be formed in the presence of a DNA-bending protein. (e.g., HMG-I and HMG-D) exhibit a selectivity for deformed
DNA minicircles as small as 99 bp have been formed in the DNA structures 22, 28, 32). Moreover, the interaction of
presence of HMG-129). With both GST-NX-HIS and NX- the c-Abl DNA-binding domain seems to occur via the minor
HIS proteins, multimers were obtained but no exonuclease groove of the consensus DNA sequence as observed for
Ill-resistant products (i.e., circular DNA) were detected (data HMG family proteins.
not shown). Then, we resorted to longer fragments that are Despite these similarities, it is obvious that c-Abl differs
intrinsically capable of forming circular DNA species, and from HMG proteins from at least two independent points.
we tested the propensity of the protein to increase or to First, there is no strict amino acid sequence homology
decrease the percentage of circles formed. Each restrictiorbetween c-Abl and HMGs. Second, unlike HMG proteins,
fragment was obtained from the plasmid pB&-05 and c-Abl does not induce DNA bending of its specific target
contained the 05 protein-binding sequence near the centersequences. Furthermore, the ring closure assays (Figure
of the fragment. The gel in Figure 10A shows unambigu- 10A) as well as the experiments based on topoisomerase
ously that the protein inhibits the formation of the circular I-mediated relaxation of DNA (Figure 10B) suggest that
DNA species. As the protein concentration increases from c-Abl participates with topoisomerase | to relax DNA. This
10 to 200 nM, the band corresponding to the circular DNA contrasts with the effects of HMG proteins, which participate
(as judged from the resistance to an exonuclease Il treat-with topoisomerase | to supercoil DNAY). Therefore,
ment) decreases rapidly. Similar results were obtained whenc-Abl apparently belongs to a distinct class of DNA-binding
using 246-mer and 302-mer fragments. In each case, theproteins.
protein inhibits the formation of circular DNA. Therefore, In their paper, Miao and WandL.§) proposed that three
the data from the circular permutation and the ring closure HMG-related domains constitute the mouse c-Abl DNA-
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binding domain; however, these domains lack the PRGRP of detectable induced bending of DNA (as judged by both
amino acid motif crucial for the DNA-binding properties of the circular permutation and ring closure assays) is specific
HMG-I (33) and are devoid of tryptophan, tyrosine, and to the c-Abl tyrosine kinase. It must be acknowledged that
threonine residues that are almost always found in the DNA- the DNA-binding properties evidenced in this study concern
binding domain of HMG and the related HMG-like proteins only the fusion proteins GST-NX-HIS and NX-HIS produced
(34). In other words, given the poor amino acid sequence in bacteria. Although it is likely that the same properties
homology between c-Abl and HMG proteins, we prefer not applied for the full-length c-Abl, the possibility remains that
to consider human c-Abl as a member of the HMG family. c-Apl, but not the two truncated mutants used in this study,
The experimental data also support this view. bends DNA. TheNcd —Xmadll construct obviously encodes
The DNA-binding domain of human p123®, which we the amino acid sequence required for binding to DNA but
have located from a series of deletion mutants, appears toperhaps lacks the DNA-bending domain. With the droso-
be homologou_s to that previous_ly identified with the MOUSe phila HMG-D protein, it is known that the acidic tail and
p150~*! protein @). The analysis of the sequence specific- e hasic region are not required for the interaction with
ity qf .C'Abl _shows unambiguously that the h“'.“f”‘” protein DNA, but their presence is necessary to increase the
eXh'.b'tS a high preference for sequences containing an AAC efficiency of constraining preformed negative supercoils and
motif. Here again, the results are not totally consistent with for optimal DNA bending, respectivelt). By analogy, a

those reported for the mouse protein. Miao and Wang - . X o ) ]
indicated that p130*' interacts preferentially with AT-rich specific basic domain may exist in the full-length c-Abl
tyrosine kinase.

tracts as do HMG protein8®) but does not recognize any
particular specific sequences. However, it is possible that C-Abl has been implicated in DNA recombination and
human and murine c-Abl DNA-binding domains interact with repair @8) and very recently in the regulation of DNA
different DNA sequences. In our hands, the purified human damage-induced apoptosB9{. So far, it is not possible to
DNA-binding domain binds to certain AT-rich sequences but establish a direct connection between these biological effects
largely prefers AAC-containing sequences. All of the and the particular DNA-binding capacity of the protein.
binding data concur that AAC-based sequences are muchHowever, it would be a strange coincidence if the interaction
more preferred than purely AT-rich sequences. In this of c-Abl with DNA was to play no part in the effect of the
respect, it is worth noting that the human c-Abl protein was protein at the recombination level. It is likely that the
previously shown to bind to the EP palindromic element of capacity of c-Abl to recognize a specific AAC-containing
the HBV enhancer that corresponds to the sequence CGT-sequence as well as a deformed structure is responsible, at
TGCtcgGCAACG (3), which interestingly does not contain  |east in part, for some of the biological activities of the
AT-rich stretches but two AAC motifs. protein. As shown here, the protein showed a marked
The highly conserved AAC motif is important for the preference for distorted DNA conformations, that is, the types
protein—-DNA recognition process to occur, but it is surely  of structures frequently encountered in recombination hot
not sufficient. Inclusion of an AAC triplet into an AT-rich  spots. Proteins that exhibit a selectivity for the deformed
sequence cannot guarantee tight binding of c-Abl to that pNA structures (e.g., DNA junctions) have been isolated
sequence. The nature of the flanking sequences is importantrom g wide variety of sources from eubacteria to mammals,
as well. We are inclined to believe that, as with many DNA- 514 many of them are involved in site-specific recombination
binding proteins, there are two levels of recognition 9f DNA (40). In this context, it is interesting to mention the Tn916
by c-Abl: direct recognition of the consensus binding site and lambda integrases which both bind to a consensus

coupled with an indirect recognition [the so-called digital L ; ; : ;

L o sequence containing an AAC unitl). By interacting with
igge?\r):go%?hrfﬁgoclﬁa% r;r;?rrfglmSNbAn%irr;%i?\blhcti)ér\{nvgisn such sequences and unusual structures, c-Abl may cooperate
which needs a'3extens¥on of more than 10 b gto allow with enzymes that mediate recombination. In addition, the
binding to the MRE (myb responsive eIemFe)nt) This interaction of c-Abl with the loop of the transcriptionally
extension of one turn of helix is important for stabilizing aCt'V? DN_A may _pe_rm|t the corre_ct_posmonmg of c-Abl

tyrosine kinase within the transcription complex so as to

the protein-DNA complex and increasing its half-lif&%). facil he phosphorvlat fh inal d :
In some way, the binding properties of c-Abl are reminiscent [2cllitate the phosphorylation of the C-terminal repeat domain
of RNA polymerase Il

of those of restriction enzymes such &®k, which

recognizes a specific sequence and which cleaves DNA at In conclusion, the present study indicates that c-Abl cannot

sites 9 and 13 bp away from the recognition s@é)( be considered as a protein of the HMG family and that this
On the basis of the similarities between c-Abl and HMG protein binds both to specific (AAC)-containing linear

proteins in terms of binding to specific sequences and sequence and to distorted DNA structures. These unusual

deformed structures, it is tempting to classify c-Abl as an properties likely play an important role in the biological

atypical HMG-like protein, all the more than HMG and c-Abl  activities of c-Abl tyrosine kinase.

share the additional property of being regulated by cdc2

kinase phosphorylation during the cell cycld7). The ACKNOWLEDGMENT
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